A 37-kDa protein purified from rice thylakoid membranes has been identified as a ferredoxin-NADP* oxidoreductase based on its catalysis of the reduction of nitro blue tetrazolium via NADPH and its recognition by antibodies against ferredoxin-NADP* oxidoreductase. Amino acid sequences determined from tryptic fragments of the enzyme further confirm the identity of the protein and show the presence of unique sequences at the amino-terminus.
Oxygenic photosynthesis involves light-dependent electron transport which generates NADPH and ATP for reduction of carbon dioxide to form carbohydrates and produce oxygen to support respiration. During this process the terminal electron acceptor ferredoxin is reduced, and the chloroplast-localized enzyme ferredoxin-NADP + oxidoreductase (FNR; EC 1.18.1.2) has been shown to catalyze electron flow from ferredoxin to NADP + (Knaff and Hirasawa 1991) . In plant root plastids, apparently different forms of FNR are involved in electron transfer from NADPH, generated by the pentose phosphate oxidative pathway, to ferredoxin prior to reduction of nitrite and sulfite (Hirasawa et al. 1990 , Morigasaki et al. 1990a , Jin et al. 1994 . Some of the chloroplastic FNR may also be associated with an NAD(P)H dehydrogenase complex in the thylakoid membrane (Guedeney et al. 1996) . FNRs isolated from either photosynthetic (Shin 1971) or non-photosynthetic tissue (Morigasaki et al. 1990a ) are peripheral, membrane-associated FAD-requiring flavoproteins and, Abbreviations: FNR, ferredoxin-NADP + oxidoreductase; CHAPS, -dimethylammonio]-l-propanesulfonate; PMSF, phenylmethylsulfonyl fluoride; PVDF, polyvinylidene fluoride; polyvinylpyrrolidone (avg. mol. wt. 40, 000) . 1 To whom correspondence should be addressed at Plant Molecular Biology Lab, USDA/ARS-REE/BARC-W, Bldg. 006, 10300 Baltimore Ave, Beltsville, MD 20705-2350, U.S.A. Phone: 301-504-5103. FAX: 301-504-5320. when assayed in vitro, mediate electron transfer between ferredoxin and NADPH in either direction. Additional activities that FNRs catalyze in vitro include the reduction of NAD + by NADPH (transhydrogenase) and the NADPHmediated reduction of dyes (diaphorase) such as dichloroindophenol (Zanetti and Curti 1980) and nitro blue tetrazolium (Schneeman and Krogmann 1975) . Regulation of FNR activity may be achieved through phosphorylation of the protein (Hodges et al. 1990 ).
The entire amino acid sequence has been directly determined only for the spinach leaf FNR (Karplus et al. 1984) , although amino-terminal sequences are known for FNRs from mung bean and radish (Jin et al. 1994) and from spinach roots (Morigasaki et al. 1990b ). Increasingly, FNR amino acid sequences are being deduced from cDNA nucleotide sequences ). However, the correct amino acid sequences of functional proteins are ultimately those that are directly determined on purified gene products. Here we report the isolation, identification and partial amino acid sequence of a novel chloroplast FNR from rice leaves. Sequences were determined from the amino-terminus and from three internal regions.
Rice plants (Oryza sativa cv. Calrose 76) were grown under greenhouse conditions (winter light intensities ranged between 0 and l,000yuEm~2s~'; temperatures ranged between 21 and 35°C).
One kilogram of leaves was ground to a fine powder with mortar and pestle in liquid nitrogen. All subsequent operations were done at 4°C. For each gram of leaf powder, 3 ml of 50 mM Tris (pH 7.5), 2 mM EDTA, 400 raM sorbitol, 0.5 mM PMSF, 0.2% (w/v) sodium ascorbate and 0.2% (w/v) PVP-40 were added and the slurry mixed for 30min. The homogenate was then filtered through 2 layers of Miracloth and the filtrate centrifuged for 5 min at 5,000 x g. The pellet containing the thylakoids was saved. The material retained on the Miracloth was resuspended in the buffer, mixed and filtered as before two more times, each time adding 1.5 ml of the extraction buffer per gram of tissue. The combined thylakoid pellets were washed twice by suspension in 250 ml of 50 mM Tris (pH 7.5), 5 mM MgCl 2 , 1 mM EDTA, 0.2% sodium ascorbate and 0.2% PVP-40 followed by centrifugation as above. + oxidoreductase
The washed thylakoids were then suspended in 100 ml of 50 mM Tris (pH 7.5), 1 M KC1 and 0.2% sodium ascorbate, shaken gently on ice for 1 h, and centrifuged for 10 min at 15,000 x g. The pellet was suspended in a fresh solution (100 ml) and treated as before. The pooled 200 ml extract (supernatants) was then filtered through glass wool and further clarified by two 1 h centrifugations at 22,000 x gAll column chromatography was done on the Pharmacia FPLC system. The concentration of KC1 in the solubilized preparation was increased to 3 M by gently dissolving solid KG. After another centrifugation for clearing the extract, the supernatant was loaded onto an HR 10/10 Phenyl Superose column. A reverse gradient of 3 to 0 M KC1 in 50 mM Tris (pH 7.5) was applied. FNR eluted between 1.5 to 1.25 M KC1. Peak fractions were pooled and dialyzed twice against 30 x volumes of 10 mM Tris (pH 7.5). This material was loaded onto an HR 5/10 column containing Cibacron Blue 3GA-agarose and the proteins were eluted using a 0 to 0.8 M KC1 gradient in 10 mM Tris (pH 7.5). Active fractions that eluted between 0.3-0.4 M KG were pooled, dialyzed once in a 40 x volume of 50 mM Tris (pH 7.5) containing 0.03% (w/v) CHAPS, and then loaded onto an HR 5/5 Mono Q column. Proteins were eluted with a 0 to 400 mM KG gradient in the Tris-CHAPS buffer. The fractions having 130-170 mM KG and containing active FNR were mixed, dialyzed against 2 changes of 130 x volumes of 2 mM Tris (pH 8.0), 5 mM MnG 2 , 0.03% CHAPS and then applied to an HR 5/5 column packed with N6-ATP-agarose. The FNR activity eluted as a broad peak at 90-270 mM KG in a 0 to 500 mM KG gradient in the starting (dialysis) buffer.
The peak fractions from the ATP-agarose column were precipitated in cold 10% (w/v) trichloroacetic acid. The pellet was rinsed with acetone and then dissolved in SDS-PAGE sample buffer (Mattoo et al. 1981) . After SDS-PAGE on a 10% acrylamide gel and electroblotting onto a PVDF (Matsudaira 1987 ) membrane, a 10-//g protein equivalent band was revealed by amido black staining. The N-terminal sequence was determined from a portion of the excised band. The rest was subjected to trypsinization (Stone and Williams 1993) and the resulting peptides separated on a C18 column using a 0 to 95% acetonitrile gradient containing 0.1% trifluoroacetic acid. Three of the internal peptides were sequenced on a Hewlett-Packard Model G1005 peptide sequencer at the Wistar Institute, Philadelphia.
Protein content was measured with a dye binding test (Bradford 1976 ) using the BioRad reagent and bovine serum albumin as standard. FNR activity was monitored as the reduction of nitro blue tetrazolium in the presence of NADPH (Schneeman and Krogmann 1975) . One /ul aliquots of samples were spotted on an 8% acrylamide gel (0.8 mm thick) which was kept in a moist environment for 30 min. The gel strips were incubated for 20 min with 1 mM nitro blue tetrazolium, 100 mM Tris (pH 7.5), briefly washed with water, and then incubated for 20 min with 2 mM NADPH, 100 mM Tris (pH 7.5). FNR-diaphorase activity was indicated by formation of an insoluble purple formazan. The same method was used for activity detection after electrophoresis of proteins using nondenaturing 8% acrylamide gels lacking a stacking gel (Davis 1964) . Immunoblots were developed (Birkett et al. 1985) with antibodies raised against a spinach leaf FNR which were a kind gift from Mme M. Miginiac-Maslow of the University OrsayParis Sud.
The purification of FNR was monitored by measuring enzyme activity in column fractions and finally by SDS-PAGE analysis as shown in Figure 1 . The subset of thylakoid proteins contained in the solubilized, starting extract (lane 2) was clearly different from the thylakoid proteins not released from the membrane (lane 1). About 5% of the total thylakoid protein was present in the extract. The peak fractions from the last column (ATP-agarose) contained virtually all of the FNR activity. At least 90% of the protein in these fractions electrophoresed under denaturing conditions as a single band of about 37 kDa (Fig. 1, lane 6 ). This value is close to the 35 kDa reported for other FNRs (Knaff and Hirasawa 1991) . Approximately 40jUg of puri-12 3 4 5 6 fied FNR was recovered.
The purified rice FNR was electrophoresed on a nondenaturing gel under native conditions (Fig. 2) . Samples were run in duplicate. Half the gel was developed for FNRdiaphorase activity as described in Materials and Methods. The other half was electroblotted to nitrocellulose and developed with antibodies raised against spinach leaf FNR. The position on the gel where the diaphorase activity stain was located was identical to that where a protein was recognized by anti-FNR antibodies (Fig. 2) .
Final evidence showing that the 37-kDa protein identified here is a rice FNR was obtained by sequencing the amino acid residues at the amino-terminus as well as those from three internal fragments generated by trypsin digestion. Results are presented in Figure 3 (Os Leaf aa).
The amino-terminus of the 37-kDa rice FNR is largely unlike other FNR sequences known thus far (Fig. 3 ). This rice FNR seems to represent a rice leaf FNR different from the one cloned . The three internal sequences, using the spinach numbering system (Karplus et al. 1984) , correspond to residues 94 to 109, 160 to 178 and 251 to 262 (Fig. 3) . Intererstingly, and not withstanding the different amino terminus, the FAD-binding domain (represented by amino acid residues 94-109) and parts of the NADP-binding domain (represented by amino acid residues 160-178 and 251-262) (Karplus et al. 1991) are highly similar to other FNR sequences. Further, all of the conserved residues in homologous regions of reductases (Correl et al. 1993 ) are found in this rice sequence. Overall, this sequence is more like those reported from leaves than those reported from roots.
Activity Stain Immunoblot
We have presented three lines of evidence showing that the 37-kDa protein is a rice FNR: the protein catalyzes the reduction of nitro blue tetrazolium via NADPH, one of the properties of plant FNRs (Schneeman and Krogmann 1975) , it is recognized by anti-spinach FNR antibodies (Fig. 2) , and its amino acid sequence (Fig. 3) is much like those of other ferredoxin-NADP + oxidoreductases. The amino-terminal sequences of plant FNRs are somewhat variable. Two of the four residues generally found in this region (Jin et al. 1994 ) are present in this rice sequence (Val-16 and Lys-18, Fig. 3 ). Spinach leaf FNR is susceptible to proteolysis at its N-terminus, and this proteolysis is not fully prevented by PMSF or the other protease inhibitors tested (Shin et al. 1990 ). High salt concentrations were, however, reported to inhibit this proteolysis of spinach FNR. Our extraction buffer included 1 M KC1 which extracted only 5% of the thylakoid protein from the membrane, segregating the soluble FNR from any membrane-bound proteases. Thus, it is possible that the rice amino-terminal sequence ASTTE presented here may represent the authentic terminus after removal of the chloroplast transit peptide. When the rice FNR sequence is aligned with the spinach sequence, the authentic spinach amino-terminus (Karplus et al. 1984 , Jansen et al. 1988 , Sakihama et al. 1995 nearly matches the position of the rice ASTTE sequence.
The imperfect sequence identity between this rice leaf FNR and that reported previously , which is especially pronounced at the amino-terminus, may represent differences between isozymes or cultivars. Although no sequences were reported, both root-and leaf-like FNRs have been isolated from the first foliage leaves of mung bean seedlings (Jin et al. 1994) , suggesting the possibility that the two rice leaf FNR sequences reported so far represent different isozymes from the same tissue. However, both rice leaf sequences are more like other leaf sequences than like those from root FNRs. At least two different, but nearly identical, FNR genes are expressed in spinach leaves (Jansen et al. 1988) . Southern blot analysis under conditions of high stringency suggests the presence of 2 or 3 chloroplastic FNR genes in ice plant (Michalowski et al. 1989) and 2 in pea (Newman and Gray 1988) . Only one root FNR gene is found in maize (Ritchie et al. 1994) . The differences at the amino terminus between the two rice FNR sequences could be due to cultivar differences. However, it is also possible that two different forms of FNR are present in leaves of higher plants. fig. 3 Comparison of FNR amino acid sequences. Top row, deduced amino acid sequence from spinach leaf cDNA (GenBank X07981, (Jansen et al. 1988) ); second row, deduced amino acid sequence from rice leaf cDNA (GenBank D17790, ); third row, directly determined amino acid sequence of rice leaf FNR; fourth row, deduced amino acid sequence from rice root cDNA (GenBank D17410, ); bottom row, deduced amino acid sequence from maize root cDNA (GenBank U10418, (Ritchie et al. 1994) ). Spinach numbering system is used (Karplus et al. 1984) ; 1 is the amino terminus of the mature protein. Underlined residues are those conserved near the amino-terminus of plant FNRs (Jin et al. 1994) . Bold letters indicate identities of the rice FNR amino acid sequence with other sequences shown.
Reports of directly determined amino acid sequences make possible the identification of gene products predicted from nucleotide sequences. The description here of the amino-terminal amino acid sequence of a rice FNR should make possible the cloning, identification and study of the gene encoding this specific chloroplast enzyme.
